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Introduction
To produce a w in e w ith enough alcohol content, the sugar content of the original juice is crucial because the alcohol content o f a wine theoretically is about one half o f the sugar content o f the original juice before fermentation. For a juice with the low er sugar content, chaptalization (addition o f sugar) or application o f con centration technique is necessary to increase the sugar content (Versari et a!., 2003 (Versari et a!., , 2004 .
To concentrate fruits juice, various membrane techniques are available (Jiao et al" 2004) . Apple juice (8.7 °Brix) has been concentrated up to 28.1 "Brix by reverse osmosis and to 51.2 °Brix by osmotic evaporation (Aguiar et al" 2012) . Apple juice (11.2 wt-%), grape juice (15.9 wt-%), and roselle extract (9.1 wt-%) have been concentrated up to 57.0, 66.8, and 54.9 wt-%, respectively, by os motic evaporation (Cisse et al., 2011) . In these membrane * Corresponding author.
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technique, however, some aroma compounds, especially those with the low er molecular w eight are substantially reduced to change the flavor balance although the process is athermic as compared with evaporation.
Cider is a traditional apple wine, which has an alcohol content as low as 5% because the sugar content o f the original juice is around 10% (Rita et al., 2011) . Therefore, chaptalization (Satora et al" 2008) or membrane concentration technique have also been applied to increase the alcohol content after fermentation. Another option to concentrate apple juice is freeze concentration. This method has been w ell-known as the concentration method w ith the best quality (Desbpande et al., 1982) . However, the presently available method is known as suspension crystallization. This method re quires a complicated system including surface-scraper heatexchanger for seed ice, recrystallization vessel for the ice crystal growth by Ostwald ripening mechanism, and wash column to separate ice crystals from concentrated mother solution (Huige and Thijssen, 1972) . Complexity o f this system along w ith the high capital cost resulted in the limited practical use o f this method for concentration o f liquid food (Miyawaki, 2001) .
Progressive freeze-concentration (PFC) is an alternative freeze concentration method where only a single ice crystal is formed on a cooling plate w ith a m oving ice front (M atthews and Coggeshall, 1959; Miyawaki et al., 1998) . Due to the ease o f separation o f concentrated solution, this method requires a simple and less expensive system as compared with the suspension crystallization. A falling film reactor has been developed for the scaling up o f PFC (Flesland, 1995) and has been applied for concentration o f a variety o f liquid food (Hernandez et al, 2009 Sanchez et al, 2010 , Sanchez et al., 2011 . In this system, the ice crystal grows on a vertically placed cooling plate on which the solution to be concentrated flows as a falling film. This reactor has an open air surface which could lead to the loss o f volatile flavor components. Retention o f flavors is a major advantage in PFC (Ramos eta!., 2005) .
As for PFC system w ith a different design, w e proposed a closed tubular ice system w ith a circulating flow (Miyawaki et al., 2005) . This provides a good mass transfer at the ice-liquid interface and a controlled heat transfer in a closed system. This system is expected to give a high separation efficiency and a high-quality for the concentrated product especially in the retention o f volatile flavors (Gunathilake et al., 2014a) . In the present paper, w e applied PFC to apple juice to obtain a high-quality concentrate with high sugar content. The concentrate was fermented to produce apple wine with alcohol content higher than 10%.
Experimental method

Materials
Apple fruits (mainly, Malus domestica Borkh. "Senshu" ) were grown and harvested in Ishikawa Agriculture and Forestry Research Center. After rem oving the core, the fruits were crushed with addition af ascorbic acid at 0.2%, strained by Pulper Finisher (Sun Food Machinery, Tokyo), treated w ith 0.4% pectin-degrading enzym e (Sucrase N, Mitsubishi Chemical Foods, Tokyo) for 2 h at 40 °C, and filtrated by a filter press (M200, Makino, Aichi). After the filtration, the apple juice was packed and heated for 10 min in boiling water for inactivation o f the added enzym e and sterilization.
Progressive freeze-concentration
A vertically placed tubular ice system (Miyawaki et al., 2005) with circulating flow (MFC-10, Mayekawa, Tokyo) was used to concentrate apple juice. This system consists o f jacketed cylindrical tube (59.5 mm in diameter, 1800 mm x 2 in length), circulation pump (EZ2E008BSCD, Toyo Stainless Steel Industries, Okayama), and feed tank. A coolant, the temperature o f which was controlled by a controller and a refrigerator (ERA-RP22A, Mitsubishi Electric, Tokyo), was supplied to the jacket side o f the tube to cool down the tube to form ice layer inside. Concentration process was controlled by a program for the coolant temperature and the speed o f the circulation pump. Sample temperature was monitored by a ther mocouple placed inside the tube.
For the PFC-concentration o f apple juice, which has a relatively high osmotic pressure, the seed ice lining step was necessary to prevent the initial supercooling for obtaining higher yield (Miyawaki et al, 2005) . For this purpose, pure water was firstly introduced into the tubular system to form a small amount o f seed ice on the cooling plate. Then the water was discharged and the precooled apple juice sample was introduced into the system to start PFC-concentration. After the concentration process, the concentrated solution was rem oved from the system to recover the concentrate. Then, the coolant temperature was raised up to 20 °C to melt the ice surface formed in the system. The ice slid out gravimetrically from the bottom o f the vertically placed tube. Thus the ice phase was recovered without washing.
Fermentation o f concentrated apple juice
The PFC-concentrated apple juice was pasteurized at 63 °C for 30 min and 100 ppm sodium sulfite was added. Yeast, Saccharomyces cerevisiae OC2, was preincubated in 20 ml YPD medium at 30 °C for 24 h. The preincubated yeast cells w ere centrifuged at 5000 rpm for 3 min and washed w ith 5 ml o f PFC-concentrated apple juice. The cells w ere redistributed in 5 mL o f PFCconcentrated apple juice again, and then inoculated into 900 mL PFC-concentrated apple juice to start fermentation at 25 °C for 13 days without shaking.
Analytical method
The concentration in "Brix was analyzed for the original juice, the concentrate after PFC, and the melted ice by a refractometer (APAL-1, As One, Osaka). Organic acids w ere analyzed by Organic Acid Analyzer (ICS 1500, Thermo Fisher Scientific, Yokohama) with Dionex IonPac ICE-AS6 column (250 mm x 9 mm id) and electro conductivity detector. The column was equilibrated and eluted with 0.4 mM heptafluorobutyric acid (W ako Chemical, Osaka) in ultrapure water at a flow rate o f 1 mL/min. Alcohol was analyzed by Alcomate (AL-2, Riken Keiki, Tokyo).
Gas chromatography combined w ith mass spectroscopy (GC/ MS) was used w ith solid phase micro extraction (SPME) for the head space flavor analysis. A 5 ml sample, mixed w ith 20 ppm cyclohexanol as an internal standard was transferred into a 20 ml screw-cap vial and heated up to 50 °C and held for 10 min then the SPME fiber (50/30um, DVB/CAR/PDMS (Grey), Supelco Analytical, PA, USA) was inserted into the head space o f the vial for the ex tractions and adsorption o f flavor components to the SPME fiber for 30 min. Then, the SPME fiber was rem oved from the vial and was min. Helium was used as the carrier gas at a flow rate o f 1.2 mL/min. The split latio at the injection port was 1:2. The mass spectra were obtained by electron-im pact ionization at an ionization voltage o f 70 eV. GC peaks w ere identified by W ile y and NIST mass spectra database.
Quality analysis o f taste and flavors by electronic sensor
Taste analysis was carried out by Taste Analyzer (SA402, Inteligent Sensor Technology, Kanagawa) with sensors for umami (AAE), saltiness (CTO), sourness (CAO), bitterness (COO), and astringency (AE1). For flavor analysis, Flagrance Analyzer (FF2A, Shimadzu, Kyoto) was used at 20 °C and 40% relative humidity. The result was analyzed by PostPro and Asmell softwares (Shimadzu, Kyoto).
Results and discussion
Progressive freeze-concentration o f apple juice
A tubular ice system was used to concentrate apple juice. In this system, a small amount o f seed ice layer was formed inside the tubular reactor and the apple juice sample, precooled down to the freezing point, was introduced into the system. The freezing point o f the apple juice was -1.37 °C. In the tubular ice system, the ice crystal growth rate and the circulation flow rate in the reactor are the two important operating parameters (Miyawaki et al., 199,8, 2005) . The former was controlled by the temperature o f the coolant in the jacket surrounding the tubular reactor. The latter was controlled by a pump in the circulation loop. These operating pa rameters w ere controlled by a computer program. The program was changed depending on the freezing point (concentration) and other physical properties o f the sample. In the present case, the program employed was shown in Fig.l, w here the coolant temperature was decreased w ith time to counteract the increase in the heat transfer Table 1 Organic acid analysis o f progressive freeze-concentrated apple ju ice (g/L). -
Component
Concentration (g/L) -----------------------------------------
Original
---------------------------------------------------------------
A. u L. resistance because o f the increase in ice thickness. The pumping speed was also decreased with time because o f the decrease in the inner diameter o f circulation flow because o f ice crystal growth. Under the program described above, the ice volume increased in the reactor and the temperature o f the sample decreased, without supercooling, as shown in Fig.2 . The sample temperature corre sponds to the freezing point, which decreased along with the progress in the concentration process. By this system, 12.18 L of the apple juice was concentrated, in about 2 h's operation time, to 3.50 L with concentration increased from 13.7 to 25.5 " Brix with a yield o f 63.8%. In this case, the yield may not be satisfactory but this could be im proved to the necessary level by applying the partial ice-melting technique (M iyawaki et al., 2012; Gunathilake et al., 2014b) . W e are now trying to set-up an integrated system o f PFC with the partial ice m elting apparatus for more universal industrial applications o f PFC.
Quality analysis o f apple juice concentrate
In Table I , the organic acid distribution is compared for the apple juice before and after PFC-concentration. The major acid in the apple juice was malic acid which was concentrated by about tw o times proportional to the concentration in °Brix. Citric acid and succinic acid, as minor components, w ere also concentrated in the similar way. After the reconstitution by the dilution based on °Brix, almost the similar organic acid distribution was recovered with the original juice. Fig. 3 compares the flavor profiles in the head space among the original juice (A), PFC-concentrated juice (B), ice phase (C), and the reconstituted juice (D) based on "Brix. Table 2 shows the relative peak area compared with the internal standard (IS). The major flavor components w ere butyl acetate, 2-methylbutyl acetate, hexanol, and benzaldehyde, all o f which w ere concentrated by PFC along with the other components. The reconstituted juice shows almost similar flavor profile with the original juice.
The taste and flavor profiles measured by electronic sensors are shown in Figs. 4 and 5. The excellent similarities w ere again observed between the reconstituted juice and the original. These results on the organic acid distribution, the flavor profile, and the electronic sensor analysis clearly show that the original qualities are kept unchanged in PFC at a high quality. This is the strongest point o f PFC compared with the other methods o f concentration such as evaporation and reverse osmosis (Gunathilake, 2014a) . Moreover, the organic acid distribution and the flavor profile in the ice phase, though diluted, are not much different from those in the original. This reflects the nonspecific separation nature in the PFC (Gunathilake, 2014b) because the mechanism for solute incorporation into the ice phase is nonspecific mechanical involvem ent (Watanabe et a!., 2013) . This is another strong point o f PFC compared with evaporation and reverse osmosis. In the evaporation, components are separated depending on the vapor pressure in the concentration process. In the reverse osmosis, components are separated basically depending on their molecular weight. Therefore, the relative component-distribution cannot be kept in these methods after concentration. On the contrary, the relative com ponent distribution is kept unchanged in PFC even in Fig. 6 shows the time course o f the fermentation o f the PFCconcentrated apple juice. During the fermentation process in 13 days, the alcohol concentration increased up to 13.7 vol-%, which is much higher than that o f cider (5.5 vol-%) obtained in market. During this period, the concentration in " Brix changed from 25.5 to 9.2 °Brix and pH changed slightly from 3.48 to 3.88. In the litera ture, Rita et al. (2011) fermented apple juice with total sugar o f 9.6-10.4% to obtain apple wines w ith alcohol content o f 5.1-5.3 vol-%. Satora et al. (2008) added sucrose to apple juice with sugar content o f 9.37-10.44% to obtain wines w ith alcohol content o f 8.21-8.84 vol-%. In the present case, alcohol content o f apple wine was much higher than 10% because o f the preconcentration o f apple juice by PFC.
Fermentation o f apple juice concentrate to produce apple wine
In Table 1 , the organic acid distribution was compared before and after fermentation. After the fermentation o f PFC-concentrated apple wine, acetic acid and succinic acid had much increased, py ruvic acid slightly increased, and citric acid slightly decreased. As a whole, the total acid had slightly increased. Fig. 7 compares the head-space flavor profiles between the PFCconcentrated apple wine and a cider obtained from market. In Table 3 , these are quantitatively compared relative to the internal standard (cyclohexanol). In this table, the relative peak area for ethanol (Et in Fig.7) was not shown because it was too large and quantitatively meaningless. Interestingly, most flavor components in the juice before fermentation w ere lost after fermentation except 2-methyI-1-butanol, hexyl acetate, and hexanol. Instead, fermentation-specific flavors such as isoamyl alcohol and phenetyl alcohol had newly appeared. Although similar flavor profiles were observed between the PFC-concentrated apple wine and a cider as shown in Fig.7 , the individual peak pattern is a little different be tween the tw o probably reflecting the difference in varieties o f the Table 3 Comparison o f head-space flavors am ong PFC-concentrated apple juice, apple w ine from the concentrate, and a cider obtained from market.
No. Component
RT'1 (m in ) Relative peak areab •" Retention time.
b Relative peak area to internal standard (cyclohexanol). c Not detected. d Internal standard. original fruits and the yeast used in the fermentation.
In Fig. 8 , taste profiles are compared between the PFCconcentrated apple w in e and the cider measured by an electronic sensor. Although there are some differences in details, the taste profiles are not much different between the tw o showing that these are in the same category as long as the taste analyzer used here concerns.
Conclusion
Progressive freeze-concentration was successfully applied to concentrate apple juice from 13.7 to 25.5 °Brix at a high quality without changing the organic acid balance and the flavor profile. The PFC-concentrated apple juice was fermented to produce a newtype apple wine with alcohol content as high as 13.7 vol-%. Before and after fermentation, the organic acid distribution slightly changed while the flavor profile changed drastically. The present technique is expected to be applicable to many other fruit juices to produce new type fruit wines.
